Macroporous silicon with multiscale texture for reflection suppression and light trapping was achieved through a controllable electrochemical etching process. It was coated with TiO 2 by atomic layer deposition, and used as the photoanode in photocatalytic water splitting. A conformal pn-junction was also built-in in order to split water without external bias. A 45% enhancement in photocurrent density was observed after black silicon etching. In comparison with nano-structured silicon, the etching process here has neither metal contamination nor requirement of vacuum facilities. Black silicon is a surface modification of silicon wafer such that the reflectivity of visible (and infrared) light is extremely low, and many approaches have been developed to this end. Besides irradiating silicon with femtosecond laser pulses, 1 reactive ion etching 2,3 and metal-assisted wet etching 4-7 were previously employed to create random nanospikes or nano-holes on silicon surface. The reflectivity is reduced by multiple reflection and absorption. These processes either involve vacuum facilities or introduce metal contamination.
Black silicon is a surface modification of silicon wafer such that the reflectivity of visible (and infrared) light is extremely low, and many approaches have been developed to this end. Besides irradiating silicon with femtosecond laser pulses, 1 reactive ion etching 2,3 and metal-assisted wet etching [4] [5] [6] [7] were previously employed to create random nanospikes or nano-holes on silicon surface. The reflectivity is reduced by multiple reflection and absorption. These processes either involve vacuum facilities or introduce metal contamination.
In contrast to nano-structured silicon, macroporous silicon 8 has a much larger feature size, and established technologies to etch straight pores in silicon, with diameters in the range of sub-micrometers up to several micrometers as well as high aspect ratios, have been developed. Moreover, pores having large diameter variations on the length scale of the interpore distance can be achieved, [9] [10] [11] allowing the fabrication of complex three-dimensional (3D) structures like photonic crystals. 12 This 3D etching capability is unique among all the microfabrication techniques. Here we demonstrate that macroporous silicon can also be made black, and moreover, that light-trapping structures can be incorporated in a single run, by a simple and controllable electrochemical etching process.
The black macroporous silicon was obtained by exposing an anodically biased n-type h100i silicon wafer (bulk resistivity $ 5 X cm) to dilute hydrofluoric acid (5 wt. % HF at 10 C). A hexagonal pattern of inverted pyramid-like pits on the exposed surface, defined by photolithography, served as the initial seeds for pore growth. The back side of the wafer was highly doped in order to easily make ohmic contacts. For a given interpore distance and fixed etching conditions, the pore diameter is determined by the current density flowing across the Si/HF interface, so that the diameter can be adjusted by tuning the current density via backside illumination. 8 By exerting a large current in the beginning and then decreasing the current gradually, a sharp blade-like structure was formed as shown in Fig. 1(a) . The excess charge carriers spread over the pore wall, therefore, not only the pore bottom but also the wall was etched, leaving behind a tapered wall. After that, the diameter of the pores can be modulated 9, 10 in order to realize the function of light trapping. Figure 1(b) shows the cross section of an array of 20 lm deep pores with two kinks obtained by this method. Our black silicon has multiscale texture, with nano-sized blades sitting on the top of micro-sized pore walls.
Reflectance measurement was taken with an integrating sphere (with a built-in tungsten-halogen light source) and two spectrometers (QE65000 and NIRQuest, Ocean Optics). As shown in Fig. 2(a) , the total reflectance from our black silicon is below 5% over 400-1000 nm (the spectrum below 400 nm is not available due to the light source used for this measurement), and close to zero around 500 nm. Note that the interpore distance is much larger than the optical wavelength concerned so the periodicity does not matter.
We coated our black silicon with TiO 2 and used it as the photoanode in water splitting. In photocatalytic splitting of water into H 2 and O 2 , 13, 14 electrons and holes, generated in semiconductors upon light absorption, drive the reduction and oxidation reactions, respectively.
About 50 nm thick TiO 2 film was grown on silicon by atomic layer deposition (ALD) 15 in a commercial hot-wall flow-type ALD reactor (SUNALE R75, Picosun) at 300 C with TiCl 4 and H 2 O as precursors. The rough surface of the TiO 2 film, as shown in Fig. 1(c) , indicates that the film is polycrystalline. The x-ray diffraction (XRD) characterization showed that the deposited TiO 2 has an anatase phase (band gap 3.2 eV). The photoelectrochemical (PEC) performance was evaluated in an air-tight Teflon cell with a quartz window using a potentiostat/galvanostat (Princeton Applied Research, 263 A). The electrolyte was 45 ml of 1 M KOH solution. (2012) reference electrode was Ag/AgCl in 3 M KCl, and a Pt coil was used as the counter electrode. The irradiation was from a Xe lamp (svx 1000, Mueller-Elektronik), and a fan-cooled KG-2 filter (2 mm, Schott) was used to avoid solution heating by infrared light. Conductive silver paste was used to contact the back side of silicon, and the working electrode was 7 cm away from the quartz window. The light intensity at the position of the working electrode (without electrolyte) was about 85 mW/cm 2 . The illuminated area of the working electrode has a diameter of 1.5 cm. The scan rate for the linear sweep voltammetry was 10 mV/s. The electrolyte was continuously bubbled with argon to remove the dissolved oxygen. As a control, samples prior to electrochemical etching, taken from the same starting wafer (with inverted pyramid-like pits, see Fig.  2 (b)), were also measured.
Gray lines of Fig. 3(a) shows typical plots of the photocurrent density versus the bias potential against the Ag/AgCl reference electrode (J-V curves) for two kinds of working electrodes, i.e., black n-Si and the control sample (both coated with TiO 2 ). The dark current density of the control sample is around 2 lA/cm 2 , and that of our black silicon is approximately twofold. Figure 3 (a) (gray lines) indicates that, under illumination, TiO 2 coated black n-Si has about 40% higher photocurrent density and a slightly more negative onset potential as compared with the control sample. The photocurrent density and onset potential are comparable to those from n-TiO 2 coated n-Si nanowire arrays reported in the literature. 16, 17 Increasing the surface area of photoelectrodes can reduce the overpotential for gas evolution 7 (therein nano-structured p-type black silicon was used as a photocathode to produce H 2 from water, and a 20% enhancement relative to a polished sample was observed). The relative shift of the onset potential after black silicon etching is not as dramatic as the case with silicon nanowire array, 16 which reflects that the relative increase of surface area in our case is much smaller (this point should be beneficial for photovoltaic applications which means relatively low surface recombination rate in comparison with nano-structured silicon). For water splitting applications, the surface area can be further increased by etching deeper pores with smaller interpore distance and pore diameter.
To understand the contribution arising from the surface structures, we also measured samples with straight pores of similar depth (diameter 3 lm and depth 20 lm; one may find what a straight pore looks like in Fig. 2 of Ref. 18 ). Texturing the silicon surface can reduce the total reflection and correspondingly enhance the light absorption and also increase the surface area. However, increased surface area also means higher surface recombination loss. The macroporous silicon with straight pores has a much larger surface area and slightly lower total reflectance (see Fig. 2(a) ) than our control sample (the silicon with inverted pyramid-like pits), however, PEC measurements on a TiO 2 coated straight-pore sample showed only slightly higher photocurrent density (within 5% as compared to the control sample). This is quite different from the significant enhancement of photocurrent density with our black silicon, i.e., about 40%. We therefore attribute the great enhancement in photocurrent of TiO 2 coated black macroporous silicon to that the increase in the optical absorption (for both TiO 2 and silicon) heavily outweighs the increase in the surface recombination loss. Although both kinds of macroporous structures can trap weakly absorbed photons to some extent, only the black one can achieve broad band reflection suppression and absorption , and the present black silicon (solid line; see also (c) for its digital photograph under room light: the circular etched area appears black; the left one has 50 nm TiO 2 coating, while the right one has not). As a reference, the reflectance from bare silicon is also shown (dotted line). All samples for this reflection measurement have no TiO 2 coating.
111901-2
Ao et al. Appl. Phys. Lett. 101, 111901 (2012) enhancement, in which the nano-sized sharp blade-like structures are helpful to couple short wavelength light into semiconductors, while the micro-sized modulated pores can further scatter long wavelength light. The onset potential for TiO 2 /n-Si photoanodes is around À1 V (vs Ag/AgCl), close to the normal hydrogen evolution at the Pt electrode (see Fig. 3(a) ). A pn-junction can be incorporated before deposition of TiO 2 , and the photovoltage from the illuminated junction can shift the onset potential to the negative side, in such a way that photoelectrolysis by a Pt-TiO 2 /pn-Si pair can occur spontaneously. 19 Here a conformal pn-junction was realized, for both the black silicon sample and the control sample, by a high-temperature diffusion procedure (950 C for 40 min) using spin-on dopant (B154, Filmtronics) on the front side as boron source and a thermally grown 200 nm thick oxide layer on the back side as the diffusion barrier. Our macroporous silicon is quite robust, and the black feature will not disappear after thermal oxidation. The thickness of the p-type layer is estimated to be around 700 nm from the contrast of the SEM image 20 (see Fig. 1(d) ). Such a conformal pn-junction is analogous to the radial one formed on silicon wires [21] [22] [23] [24] [25] [26] [27] [28] [29] and is believed to have a short distance for minority charge carrier collection. The measured J-V curves of TiO 2 coated pn-Si are shown in Fig. 3(a) as blue lines. The dark current density with pnjunction is smaller than the case without pn-junction. The onset potential is shifted by about À0.55 V by the built-in photovoltaic cell, which absorbed the irradiation not absorbed yet by TiO 2 . Upon illumination, electron-hole pairs are generated in both TiO 2 and Si. By shorting the TiO 2 /pnSi electrode and the Pt counter electrode, water can be split directly with light. As schematically shown in Fig. 3(b) , the photo-generated holes in TiO 2 are transferred to the TiO 2 / electrolyte interface to oxidize OH -, while photo-generated electrons in the silicon pn-junction (directed to the Pt counter electrode through the external circuit) have sufficient cathodic potential for water reduction. To complete the circuit, holes from silicon and electrons from TiO 2 recombine at the Si/TiO 2 interface. Measurement of the photocurrent by shorting TiO 2 /pn-Si and Pt confirmed that current is flowing from Pt to Si in the external circuit. Our results show that the black silicon etching process can improve the photocurrent density by 45%. By comparing the curves for the control samples with and without pn-junction, we see that the introduction of a pn-junction did not bring any unfavorable potential barrier. The additional enhancement, 45% for the case with pn-junction while 40% for the case without pn-junction, may be due to better surface passivation, since the oxidation during the preparation of pn-junctions can create atomically flat silicon surface.
In summary, we have demonstrated that black silicon with a modulated macropore array can achieve significant light absorption enhancement. In the multiscale texture, the nano-sized sharp blade-like structures and the micro-sized modulated pores are helpful for coupling short wavelength light and scattering long wavelength light, respectively. We observed a 45% enhancement in photocurrent density in photocatalytic water splitting by the present black pn-silicon coated with TiO 2 , in comparison with the control sample (TiO 2 coated pn-silicon with inverted pyramid-like pits). In contrast to black silicon structured by other methods, the etching process reported here has neither metal contamination nor requirement of vacuum facilities. Furthermore, our black silicon is quite robust for fabrication processes like high-temperature thermal oxidation. 
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